The application of stable isotope analysis to ecology requires estimating the contribution of different isotopic sources to the isotopic signatures of an animal's tissues using mixing models. These models make the physiologically unrealistic assumption that assimilated nutrients are disassembled into their elemental components and that these atoms are then reassembled into biomolecules. We quantified the extent to which mixing models yield erroneous results with an experiment using Nile tilapia (Oreochromis niloticus). The tilapia were fed synthetic diets that varied in protein content and in which the carbon isotopic composition of protein differed widely from that of carbohydrates and lipids. We predicted that dietary protein would contribute disproportionately to the carbon in muscle, whereas the nonprotein components of diet would contribute disproportionately to lipids. Our experiment also allowed us to test the conjecture of a positive correlation between the 15 N enrichment in tissues and protein intake. As predicted, the contribution of protein carbon to muscle was higher than that expected by the assumptions of isotopic mixing in all treatments except that with the lowest dietary protein content. We hypothesized that the unexpectedly high contribution of nonprotein carbon to muscle was the result of assimilating both dispensable and indispensable amino acids synthesized by the fishes' gut microbiota. Although we expected the contribution of carbon in nonprotein dietary ingredients to be higher than expected from a mixing model, we found that protein contributed more than expected, probably as a result of differences in amino acid composition between diet and tissues, which led to excess carbon used for lipid synthesis. Finally, our results verified the positive relationship between dietary protein content and the enrichment in tissue 15 N. Assuming perfect mixing in field isotopic studies can lead to erroneous inferences about the relative contributions of different sources to an animal's diet.
Introduction
Many ecological applications of stable isotope analyses require estimating the contribution of different isotopic sources to the tissues of an animal using mixing models. In a mixing model, the fractional contribution of an isotopic source to a tissue is estimated from the isotopic composition of the tissue and from the isotopic composition of the dietary sources. The simplest mixing model is . Using Equation (1) (or for its more complex f A elaborations, see Phillips and Gregg 2001, 2003; Phillips and Koch 2002; Martínez del Rio and Wolf 2005) assumes (1) that the elemental composition (i.e., the C : N ratio) of all the diets is equal, (2) that the efficiency with which each element in each source is assimilated is the same, (3) that there is no tissue-todiet discrimination (i.e., , where X DX p dX Ϫ dX p 0 tissues source is an element), and (4) that there is no isotopic routing. The variation among sources in elemental ratios and in assimilation efficiency can be addressed with concentration-dependent mixing models (Phillips and Koch 2002) and by adding an assimilation efficiency term to the models (Martínez del Rio and Wolf 2005) . Discrimination factors for each source (D A and D B ) can be measured experimentally and included in the mixing model (reviewed in Martínez del Rio et al. 2009 ). The isotopic routing assumption has received much less attention (Ambrose and Norr 1993; Podlesak and McWilliams 2006) . What does this assumption entail? Mixing models assume that assimilated nutrients are disassembled into their elemental components and that these atoms are then reassembled into the molecules that make up tissues (Martínez del Rio et al. 2009 ). Van der Merwe (1982) called this unrealistic assumption the "scrambled egg" premise. To illustrate why the scrambled egg assumption is unrealistic, consider carbon. The building blocks that animals use to manufacture the biomolecules in tissues are not carbon atoms but the carbon skeletons of many molecules (Horton et al. 2002) . Depending on the type of biomolecule, these carbon skeletons are conserved to various degrees from assimilation to the manufacture and breakdown of macromolecules (Horton et al. 2002) . For example, the amino acid pool in an animal's tissues comprises indispensable amino acids whose carbon skeletons are derived from diet, as well as dispensable amino acids whose carbon skeletons come from either diet or are endogenously manufactured from other macromolecules (Bequette 2003) . All animals violate the "no isotopic routing" assumption to a greater or lesser degree. The question is whether violating this assumption leads to wrong inferences when mixing models are used.
Available evidence indicates that isotopic routing can pose significant problems to interpreting mixing models. Voigt et al. (2008) , for example, found that the isotopic composition of carbon dioxide in the breath of fruit-eating bats reflected the d
13
C values of the plant component of the bat's diet, whereas the isotopic composition of wing tissue reflected that of the insect component. In a similar fashion, Podlesak and McWilliams (2006) fed yellow-rumped warblers semisynthetic diets in which the d 13 C value of the protein component of the diet differed from that of the carbohydrate and lipid components. They found that the contribution of carbon from the protein component of the diet was much higher in the bird's blood cells than expected from mixing models. Consequently, when the d 13 C values of blood cells were used in mixing models, they greatly overestimated the contribution of protein to the birds' diet (Martínez del Rio et al. 2009 ). Although isotopic routing has been recognized as an interesting, and problematic, phenomenon for a long time (reviewed in Ambrose and Norr 1993; Martínez del Rio et al. 2009 ), it has received relatively scant recent attention.
We used Nile tilapia (Oreochromis niloticus), an omnivorous fish, to examine the potential complications that isotopic routing poses to applying mixing models. Briefly, we fed tilapia one of four diets that varied in protein content and in which the carbon isotopic composition of protein ( ) dif-Ϫ27.0‰ ‫ע‬ 0.1‰ fered from that of carbohydrate ( ). We pre-Ϫ11‰ ‫ע‬ 0.01‰ dicted that, for all diets, the d 13 C values of muscle protein would differ from the values predicted by a concentration-dependent mixing model and that the observed values would be more similar to the d 13 C values of dietary protein. This prediction stemmed from the observation that a large fraction of all carbon in muscle protein (Santiago and Lovell 1988; Reeds 2000) is contained in essential amino acids, which, by definition, must be obtained from dietary protein (Reeds 2000) . Thus, even when fish are fed on the diets with the lowest protein content, the carbon in their tissues should be imprinted with a strong carbon isotopic signal from dietary protein. We also predicted that the isotopic composition of lipids would differ from the d 13 C values would reflect the carbon isotopic composition of dietary carbohydrates and lipids. We expected lipids to be built primarily from carbon derived from nonprotein sources for low-protein diets when protein is presumably in short supply and should be allocated primarily to growth (see Martínez del Rio et al. 2009 ). In summary, we predicted that the isotopic composition of tissue protein would reflect that of dietary protein, whereas the isotopic composition of tissue lipids would reflect that of dietary carbohydrates and lipids (see Ambrose and Norr 1993 
Material and Methods

Tilapia Maintenance and Experimental Design
Eighty fingerling tilapia were purchased in June 2007 (AmeriCulture, Animas, NM) and were housed in the University of Wyoming's Red Buttes Animal Care Facility. Eighty fish (average initial mass ‫ע‬ SD p 0.51 ‫ע‬ 0.07 g) were randomly assigned to one of four different experimental groups and placed individually in tanks (10 inches # 10 inches # 6 inches) at 24ЊC (‫1ע‬ЊC) and a 12L : 12D photoperiod. The throughput rate of the holding tanks was 80-90 mL/d. The four experimental groups were fed diets that varied in (a) relative protein content (Table 1 ) and (b) isotopic composition (Table 2) . Fish were fed once daily at a ration that exceeded their maximal intake. 
Statistical Analyses
Because fish were at the exponential phase of growth, we estimated growth rate as [ln(w f /w 0 )]/time, where w f is the mass at the time of euthanasia and w 0 is the initial mass (Ebert 1999) . We compared the effect of protein content on growth rate and lipid content of muscle with one-way ANOVA followed by Tukey-Kramer HSD (honestly significant difference). In animals such as tilapia, with relatively low isotopic incorporation rates, the isotopic composition of tissues is the mass-weighted average of tissue present before a diet shift and newly incorporated tissue. We estimated the carbon isotopic composition of newly incorporated tissue (d i ) with a linear mixing model as represent the fractional contributions of the initial and the newly incorporated tissue, respectively. Equation (2) can be rearranged to yield 
2 n x where is the residual mean square error (Zar 1996, p. 333) . s Y7X This mixing model makes three crucial assumptions: (1) It assumes that the change in the isotopic composition of the tissues of experimental fish was the result of growth rather than catabolic turnover (Hesslein et al. 1993) . This seems to be the case in the majority of rapidly growing ectotherms (reviewed in Martínez del Rio et al. 2009 ). (2) It assumes that we can estimate the growth of each tissue by the growth of the whole body and hence that the mass of each tissue scales isometrically with body mass. That is, the model assumes that the contribution of different tissues (muscle and lipids in muscle in this study) to body mass does not change as fish grow and that there are no differences among treatments (i.e., protein content in diet) in tissue composition. To test this assumption, we used multiple regression to assess the effect of treatment and time on the percentage of lipid in muscle. (3) Finally, our model assumes that the isotopic composition of incorporated tissue does not change as animals grow. This assumption is likely to be satisfied in fish growing exponentially (see "Results") but is not likely to be satisfied by all growing animals. For example, it is likely that the allocation of different diet components changes after animals reach their asymptotic mass and less protein is required for growth. We used r 2 to assess the fit of Equation (2) to data.
The d 13 C value of diet was similar to the estimation using a concentration-dependent mixing model from each diet's elemental and isotopic composition. We tested the positive correlation between D 15 N tissues-diet and protein content in diet with a one-tailed Spearman rank coefficient of correlation.
Results
Protein content of diet had a significant effect on growth rate ( , ). P p 0.33 Figure 1 graphically depicts the method we used to estimate the carbon isotopic composition of deposited muscle (Fig. 1a) and lipid (Fig. 1b) , as well as the nitrogen isotopic composition of deposited muscle (Fig. 1c) . As predicted, the d 13 C values of carbon deposited in muscle were more negative than those of diet at all but the lowest dietary protein contents (Figs. 1a, 2 ; Table 3 ). Contrary to our predictions, however, the isotopic composition of lipid was significantly more depleted in 
Discussion
Our results documented clear isotopic routing in tilapia. As predicted, the contribution of protein carbon to muscle was higher than expected by the assumptions of isotopic mixing in all treatments, except that with the lowest dietary protein content. Although we expected the contribution of carbon in nonprotein dietary ingredients to be higher than expected by a mixing model, we found the opposite. Protein appeared to contribute more to lipid carbon than we had expected. Finally, our results verified the positive relationship between dietary protein content and the 15 N tissue-to-diet discrimination factor. Our results hinged on a novel mass-balance method of estimating the isotopic composition of deposited tissues. This discussion considers questions in three broad areas: (1) How much can we trust our estimation procedure? (2) What are the mechanisms that explain our results? (3) What are the implications . The curve equals r p 1 P ! 0.05 y p 1.9 Ϫ and was fitted for descriptive purposes only. 3.5 exp (Ϫ0.15x) of isotopic routing for the application of stable isotopes to field studies?
How Trustworthy Are Our Estimates of d i ?
The method that we have described to estimate d i , the isotopic composition of deposited tissue, is independent of the form of the mathematical function that describes fish growth but hinges on the pivotal assumption that growth rate is the primary determinant of isotopic incorporation. We believe that this assumption was satisfied, as tilapia were fed ad lib. and were growing rapidly (Winfree and Stickney 1981) . Because in many ectotherms growth rate is the primary determinant of isotopic incorporation rate, the method may be widely applied (Martinez del Rio et al. 2009 ). If fish are not growing exponentially, the assumptions listed in the introduction might not be satisfied and the use of the model is risky. The values of r 2 in Figure 1a might suggest that Equation (2) fits the data poorly when fish are fed diets with 7.5% and 15% protein. However, r 2 should be interpreted as a comparison of the fit of the linear model relative to the mean (Anderson-Sprecher 1994). Thus, if d i ≈ d T , we should expect a slope of ≈0 for Equation (2) and hence a low r 2 value.
Isotopic Routing in Muscle, Potential Mechanisms
Dietary protein carbon contributed to carbon muscle more than expected by the assumptions of isotopic mixing in all diets, except that with the lowest dietary protein content. Although we found evidence for significant carbon routing, its effects were detectable only at relatively high protein intakes. This result is unexpected because in tilapia muscle ≈50% of all carbon in protein is found in indispensable amino acids (Santiago and Lovell 1988) . Thus, the expected d
13
C should be more negative than that observed in all diets. Assuming that ≈50% of the carbon in muscle comes from essential amino acids derived from dietary protein yields a d 13 C value equal to Ϫ19.75‰. Thus, the contribution of essential amino acids should not only make the value of d 13 C more negative than that expected from mixing but also make it more negative than the values observed at all but the highest levels of dietary protein (Fig. 2) . This result indicates that a large fraction of the carbon in essential amino acids in fish fed diets containing less than 30% protein was derived from the carbohydrates and lipids in the diet. How does this nonprotein carbon make its way into putatively essential nutrients?
In mammals, indispensable amino acid requirements are met by diet, as well as by gastrointestinal tract microflora that contribute a significant fraction of some essential amino acids (Metges 2000) . To our knowledge, the contribution of gut microbes to amino acid balance has not been studied in tilapia. However, there is evidence for the presence of significant fermentative activity in these fishes' gastrointestinal tracts (Kihara and Sakata 2002; Leenhouwers et al. 2008) . We hypothesized that the tilapia's gut microbes contribute to the fishes' amino acid economy by manufacturing essential amino acids from carbon derived from dietary carbohydrates and lipids. Our results suggested that the relative contribution of microflora to the essential amino acid balance of tilapia is high when fish are fed diets with low protein content and decreases as protein content increases.
The term "protein sparing" is used in aquaculture to denote the ability of fish to maintain rapid growth rate when carbohydrates and lipids are substituted for protein in feeds (Shiau and Peng 1993; De Silva and Anderson 1994) . The common explanation for protein sparing is that energy from carbohydrates and lipids "spares" amino acids from catabolic energyproviding processes and conserves them from growth (reviewed in Stone 2003) . Our results suggest a complementary explanation. With the aid of their gut microbiota, tilapia seem to be able to use the carbon skeletons of nonprotein diet components to manufacture both dispensable and indispensable amino acids. This conjecture, which has significant applied implications, can be tested by compound-specific isotopic analysis (Evershed et al. 2007 ). We predict that, in tilapia fed on proteindeficient diets, the carbon skeletons of both dispensable and indispensable amino acids will bear the isotopic imprint of the diet's nonprotein components.
Routing of Dietary Protein Carbon into Muscle Lipids
Contrary to our expectations, muscle lipids bore a signature that was more similar to that of dietary protein than to nonprotein dietary components (Fig. 2) , and the d 13 C value was very similar at all levels of protein intake (Table 3 ). These results imply that a significant fraction (more than 50%; see "Implications for Dietary Reconstruction") of the carbon in lipids extracted from muscle was derived from dietary protein. This result is surprising for two reasons. (1) We expected protein to be spared for growth, especially when diet contains little protein (see Martínez del Rio et al. 2009) . (2) It is presumed that the composition of muscle fatty acids in fish is strongly influenced by the fatty acid composition of dietary lipids (Huang et al. 1998; Ng et al. 2003) . This assumption requires direct routing of dietary fatty acids into the lipid constituents of tissues. How can we explain the seemingly high contribution of dietary protein carbon to lipids? One possible explanation is the disparity in amino acid composition between casein and tilapia tissues (Priya Chemicals, http://www.priyachem.com/ casesoy.htm, 2006; Santiago and Lovell 1988) , which leads to the deamination of amino acids present in relative excess (threonine, valine, leucine, and isoleucine; Santiago and Lovell 1988) . The carbon skeletons of these amino acids are either catabolized or used to synthesize storage lipids. The contribution of protein to the carbon in lipids, and hence the magnitude of isotopic routing, likely depends on the match in amino acid composition between the animal's tissues and the dietary protein source, that is, the protein's biological value (Rao et al. 1964 ). We hypothesize a negative correlation between routing dietary protein carbon to lipids and the protein's biological value. N in fruiteating birds fed diets with higher protein content, and Robbins et al. (2005) found no effect of protein content in a comparative study. Our experiment varied protein content without varying its quality and therefore provided a clear test for the putative positive relationship between D 15 N and dietary protein content when protein quality remains constant. Although our small sample size prevented us from using inferential statistics, our results provide support for this positive relationship. Although our sample sizes are small, and the range of protein contents in diet is narrow, our results suggest a concave, decelerating relationship between D 15 N and protein content (Fig. 3) . The generality of these results awaits further experimental work.
Increased Protein Intake Leads to Increased
Differences between Ectotherms and Endotherms
Our results are the first evidence of carbon isotopic routing in an ectotherm and are consistent with the results of Ambrose and Norr (1993) and Podlesak and McWilliams (2006) Ambrose and Norr's (1993) and Podlesak and McWilliams's (2006) was the degree of isotopic routing between the fish and the endotherms. For example, Podlesak and McWilliams (2006) found that more than 30% of the carbon in the plasma proteins of yellow-rumped warblers was derived from dietary protein. This value is much higher than the contribution of dietary protein carbon to muscle carbon in tilapia ( Fig. 1; next paragraph) . Klaassen and Nolet (2008) speculated that the cost of a high body temperature allows endotherms to use diets with higher C : N (protein : nonprotein) ratios than ectotherms and to be more efficient in their use of protein for growth. Briefly, in herbivorous and omnivorous endotherms, the carbon-rich but nitrogen-poor nonprotein components of diet are used to fuel a high metabolic rate (Klaassen and Nolet 2008) . We hypothesized that both the prevalence and the magnitude of isotopic routing will be higher in endotherms than in ectotherms.
Implications for Dietary Reconstruction
Because isotopic analyses are often used to reconstruct diet in fish (McCutchan et al. 2003) , it is appropriate to ask the height of the magnitude of error that can be incurred when using a mixing model for an omnivorous fish when routing takes place. To answer this question, we compared the percentage of contribution of protein to muscle carbon, estimated by the mixing model, with the value in diet, which the mixing model attempts to reconstruct. We used the d 13 C value of incorporated tissue from Table 3 as the input value in the mixing model. The mixing model consistently overestimated the contribution of dietary protein to overall diet in all treatments except that with the lowest dietary protein content (Fig. 4) . The relative magnitude of overestimation was highest for the 7.5% diet, for which the mixing model estimated a contribution of dietary protein to total carbon intake that was 2.7 times higher than the protein content in diet (Fig. 4) . Using the d 13 C in lipids to reconstruct diet with a mixing model leads to the erroneous conclusion that fish were ingesting roughly the same diet and that this diet contained from 68% to 69% protein. If one assumes a Ϫ3‰ fractionation in the synthesis of lipid from protein or carbohydrate (Post et al. 2007 ), the mixing model estimates that protein contributed from 50% to 53% to the overall diet. Using the isotopic values of extracted lipids or muscle protein in mixing models would have led dramatically to different inferences about the fishes' diets. These results should give pause to ecologists aiming to use stable isotopes to reconstruct omnivorous diets.
Ecologists use various computer programs that apply isotopic data to reconstruct the relative contribution of different components of an animal's diet (reviewed in Martínez del Rio et al. 2009 ). Although the level of statistical and computational sophistication of these programs has increased steadily over the years (see Jackson et al. 2008) , these programs assume perfect mixing and ignore isotopic routing's potential complications. Thus, their output for omnivores that ingest diets with components that differ dramatically in protein content is likely to be erroneous. These programs do not estimate the relative contribution of a given component to an animal's diet. They estimate the contribution of the component to the carbon/nitrogen content of the tissue's analyzed. Echoing the warning note that Gannes et al. (1998) made 10 yr ago, we urge caution in interpreting mixing models for animals that feed on both protein-rich animal and carbohydrate-rich plant materials in their diet. These animals include many omnivores, such as tilapia, as well as "nectar-feeders," "frugivores," and "granivores," which rely on plant materials for energy and animal prey for protein (Karasov and Martínez del Rio 2007; Voigt and Speakman 2007) . With these animals, the results of mixing models likely overestimate the contribution of the high-protein content components to the animal's diet.
